Objective. To estimate the net health benefits of pegaptanib and ranibizumab by considering the impact of visual acuity and unintended effects (cardiovascular and hemorrhagic events) on quality-of-life among persons with neovascular age-related macular degeneration. Methods. We designed a probabilistic decision-analytic model using published data. It employed 17 visual health states and three for unintended effects. We calculated incremental net health benefits by subtracting the harms of each medication from the benefit using the quality-adjusted life year (QALY). Results. In a hypothetical cohort of 1,000 75-year olds with new-onset bilateral age-related macular degeneration followed for ten years, the mean QALYs per patient is 3.7 for usual care, 4.2 for pegaptanib, and 4.3 for ranibizumab. Net benefits decline with increasing baseline rates of unintended effects. Interpretation. Net health benefits present a quantitative, potentially useful tool to assist patients and ophthalmologists in balancing the benefits and harms of interventions for age-related macular degeneration.
Introduction
In response to shifting expectations from the general public, the regulation of medications is undergoing important changes in Canada and abroad including by the United States' Food and Drug Administration and the European Medicines Agency. In this country, Health Canada has introduced the Progressive Licensing Project in order "to develop a modern, integrated approach to the regulation of pharmaceuticals and biologics that can be implemented throughout the lifecycle of these drugs" [1] . One of the underlying principles is that joint evaluation of the risks and benefits of a medication is to occur throughout its lifecycle and thereby extends the current system which focuses regulatory approval on the premarketing phase. There are formidable hurdles to the proposed new system including the development of metrics that quantitatively incorporate both risks and benefits. One method that has been proposed is the use of decision models that capture all relevant intended and unintended effects [2, 3] . One advantage of decision models is that preferences for different health states can be explicitly incorporated into the decision-making process. In this study, we present the joint estimation of risks and benefits among two intravitreal vascular endothelial growth factor (VEGF) inhibitors recently licensed in Canada and other major markets for treating neovascular age-related macular degeneration. Age-related macular degeneration is a progressive degeneration of the macula that occurs in up to one-third of persons aged 65 years and over [4] . Up to 15% of sufferers develop the neovascular form in which the development of choroidal neovascularization (growth of abnormal blood vessels), if untreated, progresses to severe central visual loss, macular scarring, and legal blindness [5] . In recent years two intravitreal VEGF inhibitors have been marketed and put in use in Canada and internationally: in 2004, pegaptanib (Macugen), a VEGF165-specific RNA aptamer [6] , and in 2006 ranibizumab (Lucentis) [7, 8] , a nonspecific pan-VEGF antibody. While both VEGF inhibitors were shown to be better than usual care (no treatment or photodynamic therapy with verteporfin, if clinically indicated) in slowing the progression of visual loss in the registration trials, the magnitude of benefit was greater in trials of ranibizumab (ANCHOR [7, 8] ) than in those of pegaptanib (VISION [6] ). No head-to-head trials have been published.
VEGF inhibitors have the potential to affect the cardiovascular system, leading to concerns about the possibility of unintended cardiovascular (particularly, arterial thrombotic events) and hemorrhagic adverse drug reactions [9] . The degree of cardiovascular risk due to VEGF inhibitors is likely to depend on a variety of factors including the concentrations in the systemic circulation, half-life, and breadth of activity. Of note, there is evidence that persons with neovascular agerelated macular degeneration may already be at elevated risk of cardiovascular disease [10, 11] .
The objective of this study was to estimate the net health benefits of intravitreal VEGF inhibitors by jointly considering the impact on duration and quality of life of intended and unintended effects among a hypothetical group of patients with bilateral neovascular age-related macular degeneration. We undertook threshold analyses to determine the levels of cardiovascular and hemorrhagic risks at which greater efficacy may be offset by greater risks of unintended effects.
Methods
We designed a probabilistic decision analytic model [12] in which the incremental net health benefit was calculated by subtracting the net harms in each treatment from the benefit using the quality-adjusted life year (QALY) [13] as a common metric. The target population was adults aged 75 years with new onset neovascular age-related macular degeneration in the second eye. Hypothetical subjects were entered into the model having the distribution of visual acuity reported in the VISION trial [6] . These subjects had a mean visual acuity of 53 ETDRS letters (Snellen chart 20/63) and an estimated mean baseline health-related quality of life utility of 0.72. Baseline characteristics of the trial samples on whom the hypothetical cohort is based are presented in the Appendix. The cycle length (or equivalently, the duration over which an individual remained in the same health state before having the opportunity to transition to another) was one year and the model was run for ten years.
The Markov model employed 17 health states for classifying the intended effects of treatment, which were based on Early Treatment of Diabetic Retinopathy Study (ETDRS) log-MAR visual acuity categories (Figure 1 [6] were categorized according to the MARINA and ANCHOR study criteria [7, 8] . Subjects who did not die or experience a nonfatal CVA entered the next cycle in the same intended effect health state; it was assumed that subjects recovered fully after experiencing a nonocular hemorrhage or MI. Subjects who experienced a CVA were assumed to remain in that health state until death. Some proportion of subjects transited to the death state during each cycle, based on all-cause mortality rates from 2002 Canadian life tables [14] [15] [16] . As the proportions of fatal MI and CVA in the registration trials were low (<1.0% in all trials; 0.8% among ranibizumab-treated patients (three events), 0.7% among pegaptanib-treated patients (two events), and 0.3% among usual care-treated patients (two events)), these events were accounted for within all-cause mortality rates. The benefits of treatment were measured by the change in visual acuity in the treated eye observed at the end of one year in the registration trials of pegaptanib and ranibizumab (Table 1 and Appendix) [6] [7] [8] . Unintended effects of treatment included ranibizumab treatment in the ANCHOR/MARINA trials was associated with relative risks (RR; compared to usual care) of 1.5 (loss of <3 lines of VA), 2.2 (APTC events) and 5.5 (nonocular hemorrhage). Pegaptanib treatment in the VISION Study was associated with RRs (compared to usual care) of 1.2 (loss of <3 lines of VA), 1.5 (APTC events), and 0.8 (nonocular hemorrhage). In the registration trials, the benefits in terms of visual acuity were stronger for ranibizumab than for pegaptanib: 95% of ranibizumab-treated patients experienced less than three lines of ETDRS visual acuity loss, whereas 70% of pegaptanib-treated patients experienced the same outcome.
As the registration trials were of limited duration, an assumption was required about the treatment efficacy after one year. In the base case, the absolute value of the treatment benefit observed in the first year of the trials (intention-totreat) was assumed to continue without attenuation in the active treatment arms. This assumption was supported by the minimal change observed amongst those who remained on treatment in open-label follow-ups of the VISION (−0.6 letters) [17] and MARINA (−0.6 letters [8] ) trials.
Cardiovascular events (as defined by the Anti-Platelets Trialists' Collaborative (APTC) [18] ) and severe nonocular hemorrhage. In threshold analyses designed to simulate populations at differing baseline risk of cardiovascular or nonocular hemorrhagic events, the absolute risk was assumed to increase linearly with baseline risk, while the relative risk of experiencing an event (compared to usual care) remained constant.
Utilities for health states classified by visual acuity levels were obtained from a published study of patients with ophthalmic disease and were based on Snellen visual acuity in the better-seeing eye [19, 20] . Utilities for unintended effects were from patients suffering the event of interest (Table 2 ) [21] [22] [23] [24] [25] . We assumed that MI and NOH events occurred at the beginning of the year, and the utility decrement associated with these events was applied for one model cycle. We assumed the utility decrement associated with CVA to be permanent and apply for the duration of an individual's life (as all trial CVAs were severe). We assumed multiplicative effects on quality of life for persons [21] . 3 From Tsevat et al. [22] . 4 Based on 3-month utility for a severe gastrointestinal hemorrhage requiring medical intervention, from Maetzel et al. 2001 [23] . Patients were assumed to return to full health for the duration of the cycle. 95% CI: 95% confidence interval; BCVA: best-corrected visual acuity; CVA: cerebrovascular accident; MI: myocardial infarction; NOH: nonocular hemorrhage.
undergoing more than one unintended health event. This assumption was consistent with the results of another study [26] and avoided the possibility of negative utilities (which would be interpreted as states worse than death, without empirical data). In sensitivity analysis we also examined the effect of using new utility data based on ETDRS (rather than Snellen) visual acuity categories (poster presentation Association for Research in Vision and Ophthalmology 2009 annual meeting) [27] .
Analyses.
QALYs were used as a common metric to capture the joint impact of changes in visual acuity and unintended effects. The incremental net health benefits after ten years were estimated by subtracting the net QALY loss from experiencing unintended effects, from the net QALYs associated with intended effects. All QALYs were discounted at 5% annually to reflect time preference (that costs and benefits that occur in the future are worth less than those currently available) [28] .
Probabilistic sensitivity analysis was undertaken to examine the robustness of the results by incorporating the joint uncertainty around the estimates of intended and unintended effects and utilities [29] . A beta distribution was applied to randomly generate utility values and adverse event probabilities. The method of moments was used to convert empirically calculated means and standard deviations to parameters of the beta distribution [30] . The Dirichlet distribution was applied to generate fully probabilistic transition matrices for the VEGF inhibitor treatments [29, 30] . Two alternative scenarios were incorporated to examine the impact of different assumptions about the benefits of treatment after 12 months. In the first, the transition probabilities following the first year of treatment remained constant with patients continuing to gain or lose vision at the same rate as during the trial period. Patients therefore continued accruing treatment benefit for the duration of the time horizon of the model. In the second, the treatment benefit was assumed to drop to zero after the first year of treatment and the transition probabilities were those of the usual care group.
Background rates of cardiovascular and hemorrhagic events from the usual care group (Table 1) were incorporated into the base case. To estimate incremental net health benefits in populations at differing underlying risks of unintended effects, threshold analyses were undertaken for populations at differing baseline risks of cardiovascular events and severe nonocular hemorrhage. Increased baseline risks of cardiovascular events up to 2% annual mortality were considered. Increased baseline risks of severe nonocular hemorrhage up to 5% annually were also considered.
The impact of different discount rates from 0% to 7% [31] was examined in a one-way sensitivity analysis. We also examined five-year and lifetime time horizons. All model results represent the mean values from 1,000 probabilistic simulations. Point estimates of the net health benefit are presented with 95% confidence intervals (95% CI) for the main results. The model was developed in Microsoft Excel 2007 for Windows and is available from the authors upon request.
Results
In a hypothetical cohort of 1,000 patients with new onset bilateral neovascular age-related macular degeneration followed for ten years, the mean number of QALYs was 3.7 (95% CI, 3.5-4.0) for usual care, 4.3 (95% CI, 4.1-4.4) for pegaptanib, and 4.4 (95% CI, 4.2-4.5) for ranibizumab. Net health benefits declined with increasing age at treatment initiation, from approximately 5.0 (pegaptanib; 4.8-5.2) or 5.1 (ranibizumab; 4.9-5.2) QALYs for patients aged 65 years, to 2.9 (pegaptanib; 2.8-3.0) or 3.0 (ranibizumab; 2.8-3.1) for patients aged 85 years ( Figure 2) . Net health benefits, and incremental net health benefits, are presented in Table 3 .
As the increased annual risk of cardiovascular events increased up to 2%, the decline in benefit in pegaptanibtreated patients was greater than that seen in ranibizumabtreated patients (to 4.2 versus 4.3 QALYs, resp.; Figure 3 ). The opposite trend was noted when the annual increased risk 95% CI = 95% confidence interval; UC = Usual care; y = years. Net health benefits were calculated by subtracting the net harms in each treatment from the benefit using the quality-adjusted life year as a common metric. Incremental net health benefits were calculated by subtracting the net health benefits of two of the treatment arms. of nonocular hemorrhagic events was increased to 5%; the net health benefit declined for ranibizumab-treated patients (to 4.1 QALYs), while the net health benefit for pegaptanibtreated patients remained the same (4.3 QALYs; Figure 4 ). The impact of varying the assumptions regarding duration and magnitude of treatment benefits indicated that ranibizumab proffered the greatest net health benefits under the assumption that all patients continued gaining or losing vision at the same rate beyond the 1-year duration of the trial data ( Table 4 ). Assuming that all treatment benefits dropped to zero after one year of treatment duration resulted in only slightly positive net health benefits among both groups treated with a VEGF inhibitor.
When the model's time horizon was varied, the relative difference between the treatment arms was maintained, although the absolute value of mean QALYs per participant increased with the increasing time horizon of the model.
When the utility values to quality-adjust life expectancy were varied from those based on Snellen visual acuity categories to ETDRS, the relative difference between the treatment arms was maintained, although the absolute value of mean QALYs per participant increased (Table 5 ).
Discussion
Using a decision-analytic framework and data from the literature, we derived a single reproducible metric that captured intended and unintended effects of treatments and incorporated quality of life weights. In this study, we modeled the long-term net health benefits of VEGF inhibitors among patients with bilateral neovascular agerelated macular degeneration. Under a realistic assumption that benefits of treatment extended beyond the observed duration of the trials, both pegaptanib and ranibizumab offered positive net health benefits. Based on the results of the registration trials, there is widespread perception among ophthalmologists treating persons with neovascular age-related macular degeneration that ranibizumab is more efficacious than pegaptanib. As in the registration trials, we projected that the absolute benefits were greater in 6
Journal of Ophthalmology Scenario 1: Transition probabilities following the first year of treatment remained constant, with patients continuing to gain or lose vision at the same rate as during the trial period. Patients therefore continue accruing treatment benefit for the duration of the time horizon of the model. Scenario 2: Treatment benefit was assumed to drop to zero after the first year of treatment and the transition probabilities were those of the usual care group. Net health benefits were calculated by subtracting the net harms in each treatment from the benefit using the quality-adjusted life year as a common metric. ranibizumab-treated patients. However, when also accounting for unintended effects, the mean difference between the two treatments diminished, to 100 QALYs per 1,000 subjects over a ten year time horizon. There are two potentially nonexclusive reasons for the narrowing of difference: first, the trials of ranibizumab enrolled more patients with predominantly classic subfoveal lesions, the natural history of which are more aggressive. Predominantly classic lesions may therefore appear to respond better to treatment [32, 33] , including to VEGF inhibition, than other choroidal neovascularization subtypes. Second, in all three registration trials, approximately three-quarters of subjects had treatmenteye visual acuities upon enrollment of between 20/40 and 20/200, corresponding to utilities between 0.80 and 0.66. Even with apparently large differences in relative benefits in the number of patients experiencing less than three lines of vision loss, the potential gains in quality-adjusted life years were relatively small after incorporating quality of life and risks of unintended effects. The probabilistic net health benefit analyses demonstrated that it is not possible to distinguish statistically between ranibizumab and pegaptanib treatment as measured by QALYs, although the benefits of both active therapies are greater than treatment with usual care. The analysis suggests that in the case of nonocular hemorrhage as an example, that the net benefit of treatments is dependent on the incidence of the unintended consequence and when the relative rates of unintended consequences change, the net health benefit changes as well.
There are several limitations. First, the validity of the model and results are limited to that of the input data and assumptions. While the intended effects were estimated with precision in the registration trials, only a small number of unintended effects were observed leading to higher uncertainty in these effects. As well, there are theoretical concerns about QALYs that may reduce their validity [34, 35] . Despite those concerns, QALYs have many useful characteristics including that they are straightforward to calculate and interpret and they have been incorporated in many decision models. Second, because of a lack of a head-to-head trial, only indirect comparisons of the two VEGF inhibitors relative to usual care were possible and third, data were extrapolated beyond the duration of the registration trials. Although the VISION study was two years in duration, patients crossed-over after the first year making the year two results challenging to interpret with confidence. We used the first year of the two-year long MARINA trial to make the duration comparable to ANCHOR and VISION. Both these features were addressed by making explicit assumptions and testing the impact of alternative assumptions. Fourth, the source and quality of utility data for intended and unintended effects have a large impact effect on the results and interpretations. For intended effects, we incorporated preference values for health states from a study of 72 patients with macular degeneration of whom only 56 had evidence of neovascular disease. The health states were not standardized and study participants only provided utility estimates for the visual acuity category in which they belonged. The actual numbers of patients from whom mean health state utility estimates were smaller [20, 36] than recommended [37] . Health states were based upon best-corrected Snellen visual acuity which is commonly used to track visual changes in clinical practice. However, Snellen estimates correlate poorly with visual acuities measured on logMAR charts [38] , which were used to monitor visual changes in the registration trials [6] [7] [8] . As the health states (and utilities) were based on visual acuity in the better-seeing eye we assumed that the better-seeing eye was the treated eye (and that therefore all model patients had developed neovascular disease in their second eye). We therefore incorporated alternate, ETDRSbased preference value estimates as a sensitivity analysis. Fifth, a key component that is poorly understood is the way in which the quality of life and utilities are affected when a person has more than one condition. In this case, we assumed that the utilities were multiplicative, based on another study [26] . Other structures of how utilities combine gave been suggested [39] . Finally, as utilities were only available for visual acuity values for the better-seeing eye, the generalizability of our model was limited to patients with bilateral visual problems where the treated eye measures better visual acuity.
Conclusion
The framework described here presents one method of addressing Health Canada's Progressive Licensing Project goal of on-going review throughout the lifecycle of new medications: multiple health effects can be incorporated; different sources of data can be accommodated; uncertainty in the input data can be explicitly incorporated; all assumptions are made explicit and the impact of different assumptions can be tested; the time horizon can be extended to include all relevant health effects; and there is a natural link with the model that can be used to assess the economic value proposition.
